A deeper understanding of past vegetation dynamics is required to better assess future vegetation responses to global warming in the Alps. Lake sediments from Lac de Bretaye, a small subalpine lake in the Northern Swiss Alps (1780 m a.s.l.), were analysed to reconstruct past vegetation dynamics for the entire Holocene, using pollen, macrofossil and charcoal analyses as main proxies. The results show that timberline reached the lake's catchment area at around 10300 cal. BP, supporting the hypothesis of a delayed postglacial afforestation in the Northern Alps. At the same time, thermophilous trees such as Ulmus, Tilia and Acer established in the lowlands and expanded to the altitude of the lake, forming distinctive boreo-nemoral forests with Betula, Pinus cembra and Larix decidua. From about 5000 to 3500 cal. BP, thermophilous trees declined due to increasing human land use, mainly driven by the mass expansion of Picea abies and severe anthropogenic fire activity. From the Bronze Age onwards (c. 4200-2800BP), grazing indicators and high values for charcoal concentration and influx attest an intensifying human impact, fostering the expansion of Alnus viridis and Picea abies. Hence, biodiversity in alpine meadows increased whereas forest diversity declined, as can be seen in other regional records. We argue that the anticipated climate change and http://mc.manuscriptcentral.com/holocene HOLOCENE F o r P e e r R e v i e w decreasing human impact in the Alps today will not only lead to an upward movement of timberline with consequent loss of area for grasslands, but also to a disruption of Picea abies forests, which may allow the reexpansion of thermophilous tree species. Alnus viridis and Picea abies. Hence, biodiversity in alpine meadows increased whereas forest diversity declined, as can be seen in other regional records. We argue that the anticipated climate change and decreasing human impact in the Alps today will not only lead to an upward movement of timberline with consequent loss of area for grasslands, but also to a disruption of Picea abies forests, which may allow the re-expansion of thermophilous tree species.
A deeper understanding of past vegetation dynamics is required to better assess future vegetation responses to global warming in the Alps. Lake sediments from Lac de Bretaye, a small subalpine lake in the Northern Swiss Alps (1780 m a.s.l.), were analysed to reconstruct past vegetation dynamics for the entire Holocene, using pollen, macrofossil and charcoal analyses as main proxies. The results show that timberline reached the lake's catchment area at around 10300 cal. BP, supporting the hypothesis of a delayed postglacial afforestation in the Northern Alps. At the same time, thermophilous trees such as Ulmus, Tilia and Acer established in the lowlands and expanded to the altitude of the lake, forming distinctive boreo-nemoral forests with Betula, Pinus cembra and Larix decidua. From about 5000 to 3500 cal. BP, thermophilous trees declined due to increasing human land use, mainly driven by the mass expansion of Picea abies and severe anthropogenic fire activity. From the Bronze Age onwards (c. 4200-2800BP), grazing indicators and high values for charcoal concentration and influx attest an intensifying human impact, fostering the expansion of Alnus viridis and Picea abies. Hence, biodiversity in alpine meadows increased whereas forest diversity declined, as can be seen in other regional records. We argue that the anticipated climate change and F o r P e e r R e v i e w decreasing human impact in the Alps today will not only lead to an upward movement of timberline with consequent loss of area for grasslands, but also to a disruption of Picea abies forests, which may allow the reexpansion of thermophilous tree species. (IPCC, 2014) . The expected increase in temperature of 3-5°C by the end of this century may lead to a marked shift in vegetation ranges, habitat losses and a rigorous decrease in today's exceptionally high biodiversity in alpine regions (CH2011, 2011 IPCC, 2013) . Being one of the most distinctive ecological boundaries in the Alps, the treeline ecotone is expected to react very sensitively to temperature changes (Körner, 2003 (Körner, , 2012 . Thus, rising temperatures will lead to an upward movement of treeline and timberline -a trend that can be observed already today in different mountain areas around the world (Gehrig-Fasel et al., 2007; Harsch et al., 2009; Leonelli et al., 2011) .
However, predicting persevering future responses of vegetation to a changing climate requires an understanding of species responses over long periods of time. Here, paleoecological analysis serves as a prime tool to investigate long-term vegetation dynamics in the past. Reconstructions of past treeline dynamics have shown important changes in the structure and position of the treeline ecotone over time (e.g. Tinner and Theurillat, 2003; Wick et al., 2003; Gobet et al., 2005; Tinner and Kaltenrieder, 2005; Lotter et al., 2006; Schwörer et al., 2014a) . For instance, the rapid (50-100years) afforestation at the end of the Younger Dryas cold phase (c. 11700 cal. BP, Schwander et al., 2000) that followed a temperature increase of 2-4°C Schwander et al., 2000) can be used as analogue to the expected temperature changes within this century.
Paleoecological studies in the Alps can also help to understand how human impact has shaped alpine landscapes for thousands of years, since the Neolithic (c. 7500 cal. BP,
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Subheading A F o r P e e r R e v i e w e.g. Tinner et al., 1996; Wick et al., 2003; Gobet et al., 2003; Valsecchi et al., 2010; Schwörer et al., 2014a; Rey et al., 2013) . For instance, timberline was lowered by about 300 m due to logging, grazing and burning activities by early settlers (e.g. Tinner and Theurillat, 2003) , a process much in contrast with nowadays' land use abandonment in the Alps (MacDonald, 2000) , which is causing a re-advance of the forest (Theurillat and Guisan, 2001; Gehrig-Fasel et al., 2007) . Hence, treeline dynamics are strongly affected by both climate and land use, and disentangling the two drivers' relative importance in the past may help to better evaluate predicted changes and their impacts (e.g. Hoiss et al., 2013) .
Besides affecting timberline positions, early anthropogenic influence also had an impact on vegetation composition in the Alps. Aspects that have already been discussed extensively are the expansion of Picea abies (Norway spruce) and Alnus viridis (green alder) and the decline of Abies alba (silver fir) starting in the mid Holocene (e.g. Markgraf, 1970; Welten, 1982; Lang, 1994; Lotter et al., 2006; Rey et al., 2013; Schwörer et al., 2015) . At the same time, also Ulmus (elm), Tilia (linden) and Acer (maple) declined, but only a few studies have addressed possible causes. For the southern alpine forelands, Zoller (1960) proposed that increasing precipitation washed out most of the nutrients from the soils being substantial to support the high nutrientdemand of these tree species. In contrast, Welten (1982) suggested that human impact caused the decline of thermophilous tree species in the Valais in the Central Alps.
Similarly, Tinner et al. (1999 Tinner et al. ( , 2005 suggested that excessive anthropogenic fire disturbance caused the collapse of these disturbance-sensitive trees in the lowlands of the Southern Alps. Besides, a popular hypothesis in North-Western Europe is that the Dutch elm disease caused the past as well as the current decline in Ulmus (Perry and Moore, 1987; Molloy and O'Connell, 1987) . However, the concurrent mid-to-late Holocene decline of Ulmus, Tilia and Acer in and around the Swiss Alps suggests a common cause. In Great Britain, new studies suggest that increasing anthropogenic F o r P e e r R e v i e w influence can partly be made responsible for these declines (Parker et al., 2002; Grant et al., 2011 ). Yet, given the very few available well-dated high-resolution records this question remains open, particularly in regard to mountain vegetation.
Here, we present a local to regional vegetation reconstruction from the new site Lac de Bretaye (1780 m a.s.l.), a small lake in the canton of Vaud, Switzerland. Together with other sites that have been studied recently (Berthel et al., 2012; Rey et al., 2013; Schwörer et al., 2014a Schwörer et al., , 2015 , we provide new insights into Holocene vegetation dynamics on an altitudinal transect in the Northern Swiss Alps. We use a multi-proxy approach, comprising pollen, plant macrofossil, and charcoal analysis as well as direct and indirect gradient analysis to gain a better understanding of vegetation responses and drivers on a local to regional scale (Birks and Birks, 2006) . Due to its location in the subalpine belt and its vicinity to other study sites, Lac de Bretaye is very well suited for assessing timberline dynamics. Special attention is paid to the transition from the Neolithic to the Bronze Age with a short high-resolution sequence to assess the impact of human land use on vegetation dynamics and composition (Willis and Birks, 2006) . In this study we address the following questions:
(1) What was the timing and speed of afforestation after the Younger Dryas cold period at Lac de Bretaye?
(2) What caused the decline of Ulmus, Tilia and Acer in the mid to late Holocene? (3) How did climate and human impacts affect biodiversity?
Study site
Lac de Bretaye is a small subalpine lake in the canton of Vaud, Switzerland (46°19'34.42"N¸ 7°4'19.52"E) at an altitude of 1780 m a.s.l. (Figure 1 ). It has a surface area of 4 ha, one minor inflow and no surface outflow. The lake's maximum water The study site is located in the subalpine vegetation belt. Picea abies is the dominating tree species and can be found in patches around the lake and on the surrounding mountain ridges up to c. 2100 m a.s.l., forming the local treeline in the area c. 300 m above the site. Treeline is defined as the uppermost limit of individual trees or tree groups > 2m, while timberline is the uppermost limit of closed forest growth (Körner, 2003; Tinner and Theurillat, 2003) . The present timberline is strongly influenced by human impact and is located right below the lake at around 1750 m a.s.l. The lake is surrounded by subalpine and alpine meadows on three sides, which are used as pastures.
The steep slope at the south-eastern side of the lake is mainly covered by Alnus viridis.
Some other shrubs, such as Juniperus communis and Rhododendron hirsutum and single trees of Larix decidua, Pinus cembra and Acer pseudoplatanus are present as well.
Methods

Coring and radiocarbon dating
In September 2012 two sediment cores were taken from the lake using a modified Streif-Livingston piston corer with a diameter of 5 cm (Merkt and Streif, 1970) . The two cores (BRE A and BRE B) were taken half a meter apart close to the deepest point F o r P e e r R e v i e w of the lake at 9 m water depth. Based on their lithostratigraphy, the two cores were combined to one master core with a total length of 9.50 m. Additionally, a surface core of the upper 40 cm was taken in October 2012.
The age-depth model used for the analyses is based on 10 radiocarbon dates from terrestrial plant remains (Table 1 ). The age of the bottom depth was estimated to be 11750 cal. BP based on the biostratigraphical comparison of its pollen assemblage with radiocarbon-dated diagrams from the region (Welten, 1982 (Reimer et al., 2013) and Monte-Carlo sampling with 1000 iterations (Figure 2 ).
Pollen, charcoal and loss on ignition analysis
For pollen and microscopic charcoal analyses 75 subsamples of 1 cm 3 were taken over the entire core. Material was sub-sampled every 8-16 cm from 560-656 cm and 704-936 cm. From 660-700 cm, subsamples were taken every 2 cm (high-resolution part) and from 80-560 cm in different intervals spanning from 16 to 40 cm. Additionally, 5 subsamples were taken from the surface core every 8 cm.
Treatment for pollen analysis followed standard procedures with HCl, KOH, HF, acetolysis (Moore et al., 1991) and mounting in glycerine. In order to infer pollen and charcoal concentrations (pollen grains cm -3 , charcoal particles cm -3 ) and influx (pollen grains cm -2 yr -1 , charcoal particles cm -2 yr -1 ), a known number of Lycopodium spores was added to the samples before chemical treatment (Stockmarr, 1971 (Moore et al., 1991; Reille, 1992; Beug, 2004) .
400 pollen grains per slide -excluding pollen of water plants and spores -were counted and 137 pollen types were identified in total. Stomata were identified following Trautmann (1953) . Microscopic charcoal (>10 µm) was counted on the pollen slides following Tinner and Hu (2003) and Finsinger and Tinner (2005) . The sum for calculation of pollen percentages includes tree, shrubs and upland herbs, whereas spores and pollen of aquatic plants are excluded. For the pollen diagram, the method of optimal sum of squares partitioning (Birks and Gordon, 1985) was applied to detect local pollen assemblage zones (LPAZ) using the program ZONE 1.2 (Juggins, 1991) . Subsequently, statistically significant zones were inferred by using the program BSTICK (Bennett, 1996) . Subsamples for loss on ignition analysis were taken from the same depths as for the pollen and charcoal analysis and were treated following Heiri et al. (2001) .
Plant macrofossil analysis
Subsamples of 2 cm thickness and a volume ranging from 12 to 20 cm 3 were taken throughout the core. Special emphasis was given to the time of afforestation, where continuous subsamples from 792-822 cm depth were taken. The subsamples were sieved with a mesh size of 200 µm, separating macrofossils from fine-grained sediment.
The macrofossils were then identified using the reference collection of the Institute of Plant Sciences of the University of Bern and macrofossil keys (e.g. Schoch et al., 1988 Biodiversity. In order to estimate paleo-biodiversity, palynological richness (PRI) was used as a proxy for both evenness and species richness and PIE (probability of interspecific encounter; Hurlbert, 1971) The loss on ignition analysis shows that the organic content of the sediment remains rather low ( Pollen percentages of P. cembra, P. sylvestris-type, Artemisia and Poaceae strongly decrease. Herbaceous taxa play a minor role and make up less than 20% in total.
Considering that this zone spans more than 4000 years, moderate changes are evident, such as a decrease in almost all thermophilous pollen and an increase in P. cembra, and P. abies (bud scales and needles), and both deciduous and coniferous periderm occurs. The concentration of macroscopic charcoal is low.
Ordination and diversity proxies
The clustering of samples and species in a scatterplot ( and Quercus on the other (Figure 7 ).
Both pollen richness and pollen evenness are very low at the beginning, followed by a steep, sudden increase in both indices at ca. 10300 cal. BP (Figure 8 ). From then on, pollen evenness steadily rises until around 5000 cal. BP, while pollen richness stays more or less constant. Afterwards, the values of pollen evenness slightly decrease but stay high, while pollen richness increases with a pronounced shift to high values of ca.
40-50 taxa per sample at ca. 2000 cal. BP.
Interpretation and discussion
Climate-driven vegetation dynamics in the early Holocene
The chronology of the biostratigraphy which is chronologically well-constrained by many radiocarbon-dated records from the region (e.g. Welten, 1982; Rey et al., 2013) suggestings that the lake started to collect sediment at the very end of the Younger Dryas cold phase when temperatures were rising and glaciers receded (Schwander et al., North of the Alps, timberline was located at around 1000 m a.s.l. during the Younger Dryas (Welten, 1952 (Welten, , 1982 Heiri et al., 2014) . The rise in temperature of c. 1.5-3°C at the Younger Dryas -Holocene transition (Lotter et al., 2000; Heiri et al., 2003b ) caused a rapid upward movement of timberline to the elevation of Lauenensee (1381 m a.s.l.)
by 11600 cal. BP (Rey et al., 2013 (Figure 4 ; Wick et al., 2003; Heiri et al., 2003a; Lotter et al., 2006) . Larix decidua was only sparsely present ( Figures 3, 4) and not as dominant as at Iffigsee, perhaps due to slightly more oceanic conditions at Lac de Bretaye (Schwörer et al., 2014a (Figures 3, 6, 9a ). The expansion of these species was probably enabled by maximum summer insolation at around 10000 cal. BP (Figure 9i ; Laskar et al., 2004; Wanner et al., 2008) , leading to summer temperatures about 1-2°C
higher than today ( Figure 9h ; Heiri et al., 2003b; Renssen et al., 2012) . This triggered timberline positions as high as 2250 m a.s.l., 300 m higher than in the study region north of the Alps at present (Lotter et al., 2006; Berthel et al., 2012) . High summer temperatures during this Holocene Thermal Maximum (HTM) probably also allowed thermophilous species to reach the surroundings of Lac de Bretaye. Today, the altitudinal limit of Ulmus and Alnus glutinosa is around 1400 m a.s.l and that of Acer at 1800 m a.s.l. (Welten, 1952; Lauber et al., 2012) . Macrofossil findings of Alnus (8800 cal. BP) and Ulmus (8350 cal. BP) testify to the local presence of these species around the study site (Figure 4) . Additionally, the pollen influx of Tilia and Ulmus (Figure 9a) is compared with influx values at Soppensee, a lowland site where the species' local presence was inferred from macrofossils (Lotter et al., 1999) . When -according to the macrofossil evidence -Ulmus is present at Soppensee, influx values are between 2500
and 5000 pollen grains cm-2 yr-1, while they reach a peak of c. 2700 at Lac de Bretaye, again pointing to the local presence of the tree at our study site. At Soppensee, on the basis of macrofossils Tilia dominated forests can be inferred for influx values > c. 300 (Lotter et al., 1999) . A maximum influx of around 350 at Lac de Bretaye suggests that
Tilia was growing at our high-elevation site, possibly also in considerable abundance.
Given that cold-adapted Pinus cembra, Betula and Larix decidua are also documented as macrofossils we infer the presence of unique mixed boreo-nemoral forests for the period 10300-5500 cal. BP (Felde et al., 2014) . Today, such forests do not exist in the Welten et al., 1982; Tinner et al., 1999; Heiri et al., 2003a; Rey et al., 2013) , though its local extirpation at Lac de Bretaye occurred only during the past 200 years (<1%). The most obvious opposing trend during that time is the expansion of Picea abies (Figures 3, 6, 7, 9a, b) . Many studies have dealt with the late establishment of Picea abies and suggested different causes, such as a migrational lag, climate conditions or soil development (Lang, 1994; Ravazzi, 2002; Lotter et al., 2006; Henne et al., 2011) .
Growing evidence suggests that the mass expansion of Picea abies was triggered by increasing human impact in the Neolithic (Markgraf, 1970; Rey et al., 2013; Schwörer et al., 2015) . This led to a decline in Abies alba and allowed Picea abies to take over its ecological niche at high altitudes (Schwörer et al., 2015) .
Our new data suggest that the human-induced expansion of Picea abies was connected (Figure 7) , suggesting that increasing land use contributed to exclude these taxa from the forests. Welten (1982) was the first to recognize this link in the Central Alps. However, until now quantitative evidence was available only from the Southern Alps (Tinner et al., 1999) , where this impoverishment process was mainly driven by excessive human fire disturbance.
The ecological role of fire
The high concentration and influx values of microscopic charcoal from 11750 to 10300
cal. BP indicate a rather high regional fire activity (Figures 3, 9c; 
Underlying climatic changes
In the late Holocene, summer insolation continued to decrease (Figure 9i ) and climate gradually shifted to cooler conditions around 4000-3700 cal. BP (Figure 9h ; Heiri et al., 2003b) . Multi-centennial cold-humid phases occurred at c. 5350-4900 cal. BP and 3800-3400 cal. BP (CE-6 and CE-7, Figure 9l ; Haas et al., 1998) . Tilia and Ulmus could have directly suffered from a colder and moister climate, since both species are rather sensitive to cold and wet conditions (Ellenberg and Leuschner, 2010) . Acer, being slightly more adapted to cooler conditions, was perhaps less affected (Ellenberg and Leuschner, 2010) . Taking into account that these climatic changes were responsible for a lowering of timberline of about 100 m, the boreo-nemoral forests could have been affected likewise and been shifted downwards. However, the total loss of these species in the area cannot be explained by these climatic changes only. Furthermore, pollen of Quercus -a fire and disturbance-resistant thermophilous genus, as well -follows the course of P. abies (Figures 3, 6, 7) , contradicting a triggering by climate. We thus 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 , 1996) . Similar strong increases of land use activity are documented at other sites close by (Heiri et al., 2003a; Wick et al., 2003; Rey et al., 2013) . The forest was heavily disrupted (AP > 80% to < 40%) and Alnus viridis expanded in the area, which is in agreement with findings at many other sites in the Alps (Figure 3 ; Welten, 1982; Tinner et al., 1996; Gobet et al., 2003; David, 2010) . Tinner et al., 2005) . Due to this high use of fire, timberline was lowered in the Alps (Haas et al., 1998; Heiri et al., 2003a; Tinner and Theurillat, 2003; Heiri et al., 2006) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w
Around Lac de Bretaye, fire incidence probably caused timberline to descend below the altitude of the lake as indicated by joint charcoal, macrofossil, stomata and pollen evidence (Figures 3, 4) . Erosion further increased as indicated by higher sedimentation rates (Figures 2, 9e) . During Roman Times new crops were introduced in the lowlands (e.g. continuous curves and high findings of Juglans regia and Castanea sativa, respectively, from c. 2100 cal. BP onwards, Figure 3 ). In the last 50 years, land use in the Alps declined, causing a re-advance of timberline back to higher elevations (GehrigFasel et al., 2007) . This process may have caused the weak expansion of AP in the most recent sample of our pollen sequence (e.g. expansion of Larix decidua).
Climate change and human impact as drivers for biodiversity
The values of PRI (palynological richness) and PIE (palynological evenness) indices are fairly low from 11750-10300 cal. BP, indicating low species diversity (including richness and evenness) in the area (Figure 8 ). The jump of palynological evenness and richness at around 10400-10300 cal. BP suggests that plant communities became more diverse when the area around the lake became forested and thermophilous species expanded in the lowlands (Figures 3, 4, 8, 9a ). Subsequently, the divergent course of PRI (stable) and PIE (increasing) suggests that vegetation became more even but not necessarily richer (Colombaroli et al., 2013) Global warming will cause unprecedented changes in vegetation composition and distribution (Henne et al., 2011; Schwörer et al., 2014b) . Timberline is likely to shift upwards displacing alpine meadows, potentially causing irrecoverable losses of biodiversity. This may be prevented by moderate human land use (e.g. Colombaroli et al., 2010; Schwörer et al., 2015) . Our data imply that thermophilous trees (Ulmus, Tilia, Acer, Abies alba) may will rapidly re-expand into the subalpine belt if land use will further decrease. This process might will be accelerated by global warming which may contributinge to the decline of mesophilous species such as Picea abies in the Alps (Tinner et al., 2013) and facilitatinge the return of thermophilous Ulmus, Tilia and Acer.
Further multiproxy high-resolution and modelling studies may helpare needed to improve our understanding of these such possible future vegetation trajectories reorganizations in the Alps. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Percentage of loss-on-ignition (LOI) at 550 °C as a proxy for organic content of the sediment. f) Palynological richness (PRI, green) and pollen evenness (PIE, blue) as proxies for species diversity. g) DCA axis 1 sample scores. h) July temperature reconstruction based on a chironomid transfer function from Hinterburgseeli. The blue line is the unsmoothed temperature reconstruction, the red line the LOESS smoothed data, the dashed horizontal line the current mean July T (Heiri et al. 2003b ). i) July and j) January solar insolation (Laskar et al. 2004) . k) Periods of high lake levels after Magny (2004) . l) Cold and wet phases identified from Central European pollen and macrofossil records (Haas et al. 1998) . 153x235mm (300 x 300 DPI) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
